The distribution of EMX2, the protein product of the homeobox gene Emx2, was analyzed in the developing mouse CNS by means of a polyclonal antibody we raised against it. The protein is present in the rostral brain, the olfactory area and a set of scattered cells lying between the nasal pits and the telencephalon. In the cortical neuroepithelium EMX2 is expressed all along the rostro-caudal axis in a graded distribution with a caudal-medial maximum and a rostral-lateral minimum. Anti-EMX2 immunoreactivity is also detectable in CajalRetzius cells as well as in apical dendrites of marginal neurons of the cortical plate. We also observe that the EMX2 and EMX1 homeoproteins display complementary expression patterns in olfactory bulbs and amygdaloid complex. Here, they demarcate different neuronal populations, involved in processing olfactory information coming from the vomero-nasal organ and from the main olfactory epithelium, respectively. EMX2 is also detectable in mesencephalic structures, such as the optic tectum and tegmentum. The graded distribution of EMX2 along antero-posterior and medial-lateral axes of the primitive cortex prefigures a role of this protein in the subdivision of the cortex in cytoarchitectonic regions and possibly functional areas, whereas its presence in Cajal-Retzius cells suggests a role in the process of cortical lamination.
Emx2 is a vertebrate homeobox gene related to empty spiracles (ems), a Drosophila gene involved in the control of the head development of the fruit fly (Dalton et al., 1989) . Emx2 was originally isolated in mouse and man (Simeone et al., 1992a,b) and subsequently in chicken (Mallamaci et al., unpublished results) , frog (Pannese et al., 1998) and fish (Morita et al., 1995; Patarnello et al., 1997) .
In the developing mouse head, two major sites of Emx2 RNA expression have been described: the anterior CNS and the olfactory epithelium (Simeone et al., 1992a,b) . At E10, the Emx2 cerebral domain encompasses the dorsal telencephalon and the floor of the presumptive diencephalon (Simeone et al., 1992a; Simeone et al., 1992b) . Subsequently, in the forming cerebral cortex, Emx2 RNA becomes confined to the proliferating neuroepithelium, being absent in most postmitotic cells of the so-called transitional field and the cortical plate. On this basis, it has been proposed that Emx2 controls the proliferation of pallial neuroblasts and paves the way for the radial migration of neuronal precursors from the ventricular zone onto the forming cortical plate (Simeone et al., 1992a; Gulisano et al., 1996) .
Emx2 has been knocked-out in mouse by homologous recombination in ES cells (Pellegrini at al., 1996; Yoshida et al., 1997) . The brain of homozygous mutant embryos displays several abnormalities, which have been suggested to be related to the lack of both early and late expression of the gene (Yoshida et al., 1997) . The dentate gyrus is missing, the hippocampus proper and the medial limbic cortex are greatly reduced in size (Pellegrini at al., 1996; Yoshida et al., 1997) . The development of neocortical plate is impaired and olfactory bulbs are disorganized. In addition, the olfactory epithelium fails to project to the olfactory bulb (Yoshida et al., 1997) . Mutations in the human EMX2 gene have been described to also occur specifically in patients Mechanisms of Development 77 (1998) [165] [166] [167] [168] [169] [170] [171] [172] 0925-4773/98/$ -see front matter © 1998 Elsevier Science Ireland Ltd. All rights reserved PII S0925-4773(98)00141-5 affected by schizencephaly, a very rare human congenital malformation characterized by full-thickness clefts within the cerebral hemispheres (Brunelli et al., 1996; Faiella et al., 1997; Granata et al., 1997) . This developmental disorder has been hypothesized to be a consequence of defects in neuroblast proliferation and/or neuronal migration (Barkovich et al., 1987; Wolpert and Barnes, 1992) .
Here we report the results of our studies about the distribution of EMX2, the protein product of Emx2, in the developing brain and olfactory area.
An a-EMX2 immunoreactivity was already detectable in the anterior headfold of the E8.5 embryo, more intensely laterally than medially. At E10, EMX2 was found in the presumptive cerebral cortex, throughout the entire width of the telencephalic wall. It was more abundant dorso-caudally than ventro-rostrally and almost undetectable in the developing ganglionic eminence (not shown). At E12, EMX2 is restricted mainly to the pallial neuroepithelium and is almost absent in the primordial plexiform layer, where the first post-mitotic cells settle (Fig. 1a) . Subsequently, the protein is mainly confined to the ventricular zone and seems to be absent in developing transitional field, subplate and cortical plate (Fig. 1b,c) where, on the contrary, EMX1 is easily detectable (Fig. 1c′) . a-EMX2 immunoreactivity distribution in the telencephalic neuroepithelium was actually not uniform, but graded along antero-posterior (Fig. 1a,b) as well as medial-lateral (Fig.  1f ) axes, with a caudal-medial maximum and a rostral-lateral minimum. That was not only a consequence of the uneven cell density, higher in the caudal-medial neuroepithelium than in the rostral-lateral one (Bayer and Altmann, 1991) , but reflected the existence of a true expression gradient. In other words, single VZ cells are more reactive against a-EMX2 in caudal-medial than in rostral-lateral telencephalon (Fig. 1c) . This EMX2 distribution profile could be related to the early localization taking place in the pallial anlage. There are some suggestions about the existence of a 'ventricular tangential protomap', on the basis of an increasing number of gene products expressed early in the developing cortex, which display specific tangential restrictions (Horton and Leavitt, 1988; Cohen-Tannoudji et al., 1994; O'Leary et al., 1994) . Emx2 could play a role in setting this 'protomap' up.
At E12 a few scattered cells, intensely a-EMX2 immunoreactive, can be detected in the marginal-most part of the cerebral wall, more abundant at its caudal pole (Fig. 1a) . These cells were still abundant at E15 (Fig. 1b) and then declined (not shown). At post-natal day P5 it was still possible to find some of them in the region of the hippocampus (Fig. 1i) . These cells occupied the outer part of the developing neocortical layer I, where they lay in an immediately subpial position (Fig. 1c) . Given their localization and the fact that they expressed calretinin (Fig. 1e) , a calcium-binding protein specifically present in Cajal-Retzius (CR) cells (Soriano et al., 1994) , we believe we are observing this type of neuron (reviewed in Marin-Padilla, 1998) . This finding suggests an additional explanation for the role of Emx2 mutations in the developmental defects observed in the cerebral neocortex of both rodents (Pellegrini et al., 1996; Yoshida, et al., 1997) and primates (Brunelli et al., 1996; Faiella et al., 1997; Granata et al., 1997) . In fact, CR cells have been proposed to play a key role in guiding radial migration of the maturing cortical plate (CP) neurons from the VZ to their final marginal position (Ogawa et al., 1995) , through the production of REELIN, the protein product of the reeler gene (D'Arcangelo et al., 1995; Hirotsune et al., 1995; Ogawa et al., 1995) . It is conceivable that, in the absence of the products of Emx2, maturation and/or survival of CR cells is affected and the process of lamination of the CP impaired.
Starting from E15, faint a-EMX2 immunoreactivity was detected, even at lower magnification, in the marginal-most part of the forming cortical plate (Fig. 1b) . At higher magnification, this reactivity could be specifically localized in the apical dendrites of CP neurons (Fig. 1d ,d″). These dendrites ascend to the overlying cortical layer I ( Fig. 1d″ ) and establish synaptic relationship with horizontal axons of CR cells, forming an extensive plexus at this level ( Fig. 1d′) .
Numerous EMX2 positive cells could be found in the area of basal telencephalon around E15 (not shown). Subsequently, in the late gestation embryo, both EMX2 and EMX1 were specifically detectable in the developing nuclear complex of amygdala. Their expression domains in this structure did not overlap: the former was restricted to the medial part of the complex, the latter was confined to the lateral portion (Fig. 1f,f′) .
EMX2 was expressed in the hippocampal anlage since the very beginning (Fig. 1b) . During the second half of the gestational life, it was abundant in the ventricular neuroepithelium (Fig. 1b,h ), the sole source of pyramidal neurons of the hippocampus proper and the primary source of granule cells of the dentate gyrus (Angevine, 1965; Stanfield and Cowan, 1979a,b) . In this neuroepithelium its level decayed quickly after birth ( Fig. 1i) . At E15 numerous cells, intensely reactive against a-EMX2, were detectable underneath the pia (Fig. 1b) , in the area where the secondary proliferative zone for the dentate gyrus has been described to form (Schlessinger et al., 1975; Stanfield and Cowan, 1979a,b) . About the end of the gestational life the protein was found to be abundant in the coalescing dentate gyrus (Fig. 1h) , where it persisted post-natally (Fig. 1i) . At P5, an additional signal could be easily detected in the hilar region, between the dentate gyrus and the regio inferior of the cornu Ammonis (Fig. 1i) . These cells were also positive for the proliferating cell nuclear antigen (PCNA) (not shown) and correspond to a well characterized population of proliferating cells, which persists for some time, providing new granule cells to the deep aspect of the dentate gyrus (Angevine, 1965; Schlessinger et al., 1975; Stanfield and Cowan, 1979a,b; Bayer, 1980) . Finally, after birth, a line of intensely a-EMX2 immunoreactive cells could be singled out in the marginal-most part of both area dentata (d′), a-EMX2 immunoreactivity (brown) appears to be restricted to scattered cells in the outer marginal layer (bent arrows) as well as to the proximal pieces of apical dendrites of the outer cortical plate neurons (arrowheads); in (d′), a-GAP-43 (black) stains rich axonal plexuses in the marginal layer (white arrows). In (d″), a-EMX1 (brown) marks cell bodies of outer cortical plate neurons, whereas a-MAP-2 (black) stains intensely the bases of their apical dendritic trees (white arrowheads). (e) Higher magnification of the outermost part of the telencephalic wall at E18.0, showing colocalization of EMX2 (brown) and calretinin (black) in presumptive Cajal-Retzius cells. (f,f′) EMX2 (f) and EMX1 (f′) on adjacent frontal sections of an E18.0 forebrain: empty arrows point to a-EMX2 and a-EMX1 immunoreactive cells located respectively in the medial (f) and the lateral (f′) parts of the amygdaloid complex. (g,g′) Adjacent sagittal paramedian sections of E15 olfactory bulb hybridized with EMX2 (g) and EMX1 (g′). EMX2, but not EMX1, is detectable in the bulb neuroepithelium. Notice also the distribution of the two proteins in the forming mitral cell layers: EMX2 abundant in the mitral layer of the accessory olfactory bulb (g), EMX1 well detectable in that of the main olfactory bulb (g′). (h,i) EMX2 in the hippocampal region around the birth. At E18.0 (h), the protein is detectable in the primary neuroepithelium as well as in the dentate gyrus anlage; at P5 (i), EMX2 signal persists in the developing dentate gyrus and is easily detectable in the hilar region, located inbetween the dentate gyrus and the hippocampus proper. Empty arrows point to EMX2 positive, presumptive Cajal-Retzius cells; bent arrows indicate the hippocampal fissure. Abbreviations: ac, amygdaloid complex; aob, accessory olfactory bulb; cc, cerebral cortex; cp, cortical plate; dg, dentate gyrus; dga, dentate gyrus anlage; di, diencephalon; ge, ganglionic eminence; h, hilar region of the area dentata; ha, hippocampal anlage; hi, hippocampus; i, intermediate zone of developing olfactory bulb; iz, intermediate zone of the cerebral cortex; m, mitral cell layer; ml, marginal layer; mob, main olfactory bulb; ne, neuroepithelium; np, nasal pit; p, pia; pl, choroid plexus; st, striatum; svz, subventricular zone; vz, ventricular zone. outer molecular layer and hippocampal stratum lacunosummoleculare ( Fig. 1i) : they also express calretinin (not shown) and have to be considered archipallial CajalRetzius cells. These findings might explain why the hippocampus and especially the dentate gyrus regions are specifically affected in Emx2 mutant mice (Pellegrini et al., 1996; Yoshida, et al., 1997) We also examined the EMX2 expression domain in the developing olfactory bulb. Since the very beginning its expression level in the bulb proliferative layer was low (Fig. 1g) , even lower than in the adjacent, rostral neocortical neuroepithelium; subsequently, it became almost undetectable (not shown). At E15, numerous EMX2 expressing cells could be found in the olfactory bulb subependymal layer (Fig. 1g) , in the same area where also EMX1 was detectable (Fig. 1g′) . However, whereas EMX1 subependymal domain was actually continuous with the corresponding cortical subventricular one (Fig. 1g′) , EMX2 expression stopped at the boundary between bulbar and retrobulbar subependymal zones (Fig. 1g) . Starting from the same stage, EMX proteins were also easily detectable in the mitral cell layer. Here they displayed specific and mutually exclusive expression patterns: EMX1 was restricted to mitral cells of the main olfactory bulb (MOB), EMX2 mostly to those of the accessory olfactory bulb (AOB) (Fig. 1g,g′) . At E18, a-EMX2 and a-EMX1 immunoreactivities were detectable in presumptive interneurons and glial cells of the internal granular layer; after the birth they were extended to the external plexiform layer (not shown). Main olfactory bulb (MOB) and accessory olfactory bulb (AOB) relay neurons receive chemical information coming from the main olfactory epithelium (MOE) and the vomero-nasal organ (VNO), respectively, related to feeding and social/sexual behaviour, respectively (Halpern, 1987; Wysocki, 1989; Wysocki and Lepri, 1991; reviewed in Farbman, 1992) . They both project to several specific targets in the basal telencephalon, including the nuclear complex of the amygdala, through independent ways (reviewed in Farbman, 1992) . Remarkably, a-EMX2 immunoreactive AOB mitral cells project preferentially to the medial amygdala (reviewed in Farbman, 1992) , which expresses specifically EMX2 (Fig. 1f) , axons of a-EMX1 reactive MOB relay cells selectively project onto neurons of the lateral amygdala (reviewed in Farbman, 1992) , which is also a-EMX1 reactive (Fig. 1f′) .
EMX2 distribution in the developing diencephalon paralleled that of the corresponding mRNA (Simeone et al., 1992a,b) , without major novelties. It is noticeable the intense expression of EMX2 in the mammillary area (Fig.  2c) , where it co-localized with OTX2 (not shown). This expression could be detected since E9.5 and persisted even after the birth (not shown).
EMX2 was also detectable in the marginal part of the ventral mesencephalon since E9.5 (Fig. 2a) . At E12.5, this domain was enlarged and extended rostro-caudally along almost all the midbrain. Posteriorly, it ended up abruptly, at level of the isthmus (Fig. 2c) . Beyond the isthmus, in the first rhombomere, only very few scattered EMX2 positive cells were found (not shown). At E18, EMX2 was detected still in the ventral midbrain, in a group of cells located in the medial part of the developing tegmentum (Fig. 2b) . Interestingly, at the same stage, EMX1 was expressed in the developing tegmentum too, but its expression was restricted to a different group of cells, located laterally to the EMX2 positive ones (Fig. 2b′) . The tegmental expression of EMX2 persisted after birth (not shown).
EMX2 was also present in the developing tectum, starting from E12.0-E12.5, namely a stage at which tectal neuronogenesis is fully in progress (Edwards et al., 1986) . At E12.5 the protein was found in a cohort of cells, located in an intermediate position between the ventricular and the marginal edge of the dorsal mesencephalic wall (Fig. 2c) . At the same age, OTX2, well detectable throughout the whole width of the tectal neuroepithelium, was particularly abundant in a specific row of putative postmitotic cells, located more marginally than the EMX2 positive ones (not shown). About E18.0, all the tectal neurons are born and have reached their final position (Edwards et al., 1986) . At this stage, whereas OTX2 was confined mainly to the stratum zonale, namely the marginal-most layer of the tectum (Fig. 2d′) , EMX2 was detectable in three deeper longitudinal stripes (Fig. 2d) . As suggested by the distribution of calbindin on the same section (Fig. 2d) , these bands could correspond to the three strata grisea namely superficiale, intermediale and profundum of the mature optic tectum (Schmidt-Kastner et al., 1992) . The restriction of OTX2 to stratum zonale and of EMX2 to cells of the three strata grisea, from the onset of their radial migration onward (Fig. 2d,d′) , suggests the existence of a tectal laminar code, of which OTX2 and EMX2 may be relevant components, used to address newborn tectal neurons toward their proper radial migration and differentiation program. A similar hypothesis has been proposed already for the cerebral cortex (Bulfone et al., 1995; Frantz and McConnell, 1996) . At E9.0, EMX2 was found in the olfactory placode ( Fig.  3a) and at E10.5 in the developing olfactory pit (Fig. 3b) . Subsequently, at E12.5, the protein was detectable in the precursors of both the main olfactory epithelium and the vomero-nasal organ (Fig. 3d) . At E16.5, in the MOE, a-EMX2 immunoreactivity was restricted to nuclei located in the outer half of the epithelium. These nuclei possibly belong to basal cells (i.e. olfactory epithelium stem cells) and young sensory neurons (Fig. 3e) . This distribution is complementary to the late distribution of OTX2, which, conversely, is confined to more mature post-mitotic cells, in the apical part of the same epithelium . At the same stage, a similar distribution was displayed by the protein in the maturing VNO (not shown).
From E9 through E12 and afterwards, EMX2 was detected in scattered cells located in the mesenchyme between developing olfactory pits and telencephalic vesicles (Fig. 3a-c) . At E10.5, some of them seemed to cross the boundary between fronto-nasal mesenchyme and telencephalic wall and to settle in the marginal-most part of the latter (Fig. 3b) . These cells differ from the a-OTX2/a-LHRH and a-OTX2/a-GFAP immunoreactive cells previously identified in this area . Conversely, their distribution is reminiscent of that of a population of TuJ1 immunoreactive cells, found in the rat embryo in the same area, from E12 onward (De Carlos et al., 1995) . These cells display fusiform and bipolar morphologies of migrating neurons and extend into both ventral and dorsal surface of telencephalic vesicles: they send axons into the preplate and may sometimes enter it. It has been proposed that these cells, like the early innervation coming from olfactory placodes, might exert deep influence on development and growth of the telencephalic vesicles (De Carlos et al., 1995) . Fig. 2 . EMX2 in the developing mesencephalon. (a) Sagittal median section through an E9.5 mesencephalon; rostral to the left. EMX2 is detectable in a few, marginally located, cells, in the ventral medial portion of the vesicle wall (arrow). (b,b′) EMX2 and EMX1 distributions on adjacent frontal sections through the middle midbrain of a late gestation embryo. Black arrows point to EMX2 (b) and EMX1 (b′) positive cell clusters, lying in the medial and the lateral parts of the tegmentum, respectively. (c) EMX2 expression on a sagittal median section of an E12.5 embryo brain; rostral to the left A row of EMX2 positive cells is detectable throughout the entire developing tectum (arrow). Arrowheads point to the isthmus. (d,d′) Comparison among EMX2, OTX2 and calbindin expression in the developing optic tectum, on adjacent sagittal sections of a late gestation embryo. In (d), EMX2 (dark brown) is detectable in scattered cells located in all three presumptive strata grisea of the tectum. Calbindin (light blue) is expressed in two main longitudinal stripes, stronger in the deep stratum griseum superficiale, weaker in the superficial stratum griseum intermediale. In (d'), OTX2 (light brown) appears to be restricted to the stratum zonale. Abbreviations: di, diencephalon; me, mesencephalon; oe, olfactory epithelium; rh, rhombencephalon; sgi, stratum griseum intermediale; sgp, stratum griseum profundum; sgs, stratum griseum superficiale; sz, stratum zonale; tc, tectum; tg, tegmentum.
Experimental procedures

Production of anti-emx2 polyclonal antiserum
The murine EMX2 protein was produced in the Baculovirus system according to the method previously described in Corsetti et al. (1992) , with minor modifications. The polyclonal antiserum against EMX2 was generated in rabbit following standard protocols (see Briata et al., 1996 for details).
Mouse embryos and immunohistochemistry
Histology and immunohistochemistry were performed as already described in Mallamaci et al. (1996) . For double immunohistochemistry, sections, already stained by the former primary antibody, via the ABC/HRP/AEC method (see Mallamaci et al., 1996) , were extensively washed in PBS and then incubated in the latter primary antibody, appropriately diluted in blocking solution. The latter immunoreactivity was revealed by AP-conjugated secondary antibodies Fig. 3 . EMX2 in the olfactory area. (a,b,c) Longitudinal sections through the area around the developing olfactory epithelium, in midgestation stage embryos: EMX2 is in the nasal placode/olfactory epithelium, in the telencephalon and in cells located in the mesenchyme in between them. These cells are originally very few, just above the placode (a, bent arrows). Subsequently they become more numerous (b); some of them (b, bent arrows) seem to cross the boundary between mesenchyme and the telencephalic wall (b, dotted line). At E12, two rows of EMX2 immunoreactive cells can be detected on both sides of this boundary, along both the alar and basal surfaces of the telencephalic vesicle (c, bent arrows). (d) The frontal section of the olfactory region of an E12.5 embryo. The protein is in the main olfactory epithelium and in the vomero-nasal organ, just budding off the enlarging nasal cavity. Additional immunoreactive cells are scattered in the mesenchyme inbetween them (bent arrows). (e) Distribution of EMX2 in the main olfactory epithelium of a late gestation embryo: the protein is confined to the basal half of the epithelium, being absent in mature neurons located in the luminal half of it. Abbreviations: cc, cerebral cortex; ge, ganglionic eminence; moe, main olfactory epithelium; np, nasal pit; npl, nasal placode; oe, olfactory epithelium; te, telencephalon; vno, vomeronasal organ.
and NBT-BCIP, according to standard procedures: depending on the NBT/BCIP ratio we used, it resulted in a staining ranging from light blue to dark blue or black.
The following primary antibodies were used: a-EMX2, polyclonal, 1:400 (this paper); a-OTX2, polyclonal, 1:500 ; a-EMX1, polyclonal, 1:400 ; a-calretinin, polyclonal, 1:100 (Swant); a-MAP2, monoclonal, 1:100 (Boehringer, Mannheim); a-GAP43, monoclonal, 1:200 (Boehringer, Mannheim); a-PCNA, monoclonal (clone PC10), 1:100 (Boehringer, Mannheim); a-calbindin, monoclonal, 1:100 (Swant).
